Compacted clay has traditionally been used as a lining material in municipal solid waste landfills. However, natural clays may not always provide good contaminant sorption properties. One alternative material that is abundant in some parts of Europe and Turkey as well as Western United States is sepiolite. A laboratory study was undertaken to investigate the feasibility of sepiolite as a liner material. Two clays, one rich in sepiolite and the other one rich in kaolinite mineral, as well as their mixtures were subjected to geomechanical, hydraulic, and environmental tests. The same soils were also subjected to strength and hydraulic conductivity tests after a series of freeze and thaw cycles. The results of the study indicated that relatively high hydraulic conductivity and shrinkage capacity of sepiolite necessitates addition of kaolinite before being used as a landfill material. The valence of the salt solutions affected the swell and hydraulic conductivity characteristics of the clays tested. Retardation factors for sepiolite for metal solutions are 1.2-2.2 times higher than those calculated for the clay that is rich in kaolinite, and the inorganic contaminant adsorption capacity of the clay can be improved by addition of sepiolite. The results indicated that the clay mixtures utilized in this study provide good geomechanical, hydraulic, and metal adsorption properties which may justify their potential use as a liner material in solid waste landfills.
Introduction
The primary duty expected from a liner material is to act as a low hydraulic conductivity barrier and limit the infiltration of solid waste leachate into groundwater or surface waters. U.S. Environmental Protection Agency ͑EPA͒ Subtitle D regulations as well as the ones developed by various state agencies specify that a minimum thickness and hydraulic conductivity of 0.6 m and 1 ϫ 10 −7 cm/ s, respectively, should be satisfied for the design of landfill liners ͑Sharma and Reddy 2004͒. In recent years, the lack of availability of natural clays with satisfactory engineering properties has prompted researchers to look for alternative approaches for liner design. This motivation has led to the development of soil-like geomaterials to replace compacted clays. Various alternative geomaterials such as sand-bentonite mixtures, foundry sand, coal fly ash, municipal solid waste fly ash, and fly ashamended tire rubber have been investigated to determine if they would be applicable as landfill liner materials ͑Garlanger et al. 1987; Chapuis et al. 1992; Gleason et al. 1997; Palmer et al. 2000; Cokca and Yilmaz 2004; Abichou et al. 2004͒ .
Previous studies showed that these materials can be viable alternatives to compacted clays, and can provide significant cost savings if the material is nearby ͑Abichou et al. 2004͒ . However, these alternative geomaterials may also exhibit some characteristics that would not be desirable in landfill design. For instance, bentonite-amended sands permeated with chemical solutions and landfill leachate were reported to exhibit significantly higher hydraulic conductivity than the hydraulic conductivity of same mixtures permeated with water ͑Alther 1987͒. Mitchell and Madsen ͑1987͒ and Jo et al. ͑2001͒ reported that several factors, including valence of cation, concentration of the salt solution, and the pH of the medium, affect hydraulic conductivity of bentonite. Increase in valence and concentration as well as a decrease in pH cause major increases in the hydraulic conductivity of bentonite and turn it into an ineffective liner material. Similar effects of chemicals on bentonite were reported by other researchers ͑Petrov et al.
1997͒.
Creek and Shackelford ͑1992͒ and Edil et al. ͑1992͒ conducted a series of laboratory tests to evaluate the feasibility of using coal ash as a landfill liner material. The field tests performed by Palmer et al. ͑2000͒ showed that constructing a fly ash liner is challenging and requires careful attention to factors that cause cracks and permeable interlift regions that result in high field hydraulic conductivities. Leachate collected from the base of the test pad also showed that metal leaching must be considered when designing a fly ash liner. Leaching of metals from fly ash was also reported by Bowders et al. ͑1990͒, Edil et al. ͑1992͒ , and Creek and Shackelford ͑1992͒; however, the concentrations of the inorganics were often lower than the limits set by the United States EPA or state environmental agencies. Similar observations were made for foundry sands ͑Naik et al. Coz et al. 2004͒ , even though these materials generally satisfied the hydraulic conduc-tivity requirements in both laboratory and field studies ͑Abichou et al. 2002, 2004͒. A review of these studies suggests that the inorganic and organic pollutant adsorption capacity of liner materials was often neglected because the hydraulic conductivity of natural clays and most alternative materials are low enough to prevent the intrusion of contaminants into groundwater. Adsorption, on the other hand, becomes highly important in the case of hazardous wastes, including the disposal of petroleum contaminated soils, batteries, old electrical equipment, fly ash slurries, mine tailings, and contaminated bottom-sea dredgings. Natural clays typically have low organic carbon content ͑around 1-2%͒ and do not have significant adsorption capacity for metals and organic compounds. One alternative material abundant in western parts of United States and Europe is sepiolite. Sepiolite ͑Mg 4 Si 6 O 15 ͑OH͒ 2 ·6H 2 O͒ is a natural clay mineral and has a higher magnesium content than many other clay minerals, including kaolinite. Among four main types, Fe-sepiolite, Al-sepiolite, Na-sepiolite and Ni-sepiolite, Nasepiolite is the most common one in nature. Sepiolite is formed from thin elongate chain type crystal structures. When dispersed in water, a random lattice is formed which is capable of trapping liquid and providing excellent thickening, suspending, and gelling properties. As opposed to some other clay minerals, such as bentonite, the viscosity of sepiolite is retained, and the material does not flocculate with electrolytes and remains stable at high temperatures ͑Murray 2002͒. Furthermore, past experience indicates that sepiolite can absorb and retain water 200-250 times its original weight ͑Sabah et al. 1997͒. These properties make sepiolite uniquely applicable for many uses. Sepiolite has been used as a low-cost agent for removing lead from industrial wastewater ͑Bektas et al. . A recent study conducted by Guney and Ozdemir ͑2005͒ investigated the potential use of sepiolite as a liner material and showed that sepiolite has very good lead adsorption characteristics.
The main objective of this study was to investigate the feasibility of using a natural clay rich in sepiolite as a landfill liner material. In order to meet this objective, a series of laboratory tests was conducted on this clay as well as on the mixtures of this clay with another natural clay that is rich in kaolinite. Compaction, consolidation, and unconfined compression tests were conducted to identify the mechanical properties of the specimens.
The effects of various single species salt solutions on the hydraulic conductivity and swell behavior of sepiolite and its mixtures were analyzed. The effect of winter conditions was examined by performing hydraulic conductivity and unconfined compression tests on the specimens after a series of freeze-thaw cycles. Finally, the adsorption capacity of the specimens was evaluated through batch adsorption tests.
Materials
The clay rich in Na-sepiolite ͑which will be referred to as sepiolite from hereafter͒ used in this study was obtained from the Sivrihisar-Ayvali region in Turkey. It had 100% particles passing the United States No. 200 sieve ͑Ͻ0.075 mm͒ and was classified as CH according to the Unified Soil Classification System ͑USCS͒. A separate natural clay from the Eskisehir region was also included in the testing program. This clay had been used for construction of liners and covers in the region and was comprised of 76% clay and 24% silt. Eskisehir clay had 100% particles passing the United States No. 200 sieve, and was classified as CL according to the USCS. Sepiolite was added as 50 and 75% of the total weight to Eskisehir clay to determine its effect on geotechnical performance. The index properties of the sepiolite, Eskisehir clay, and the two mixtures are provided in Table 1, while the  mineralogy of the soils and their chemical compositions are summarized in Table 2 .
The salt solutions used in this study consisted of KCl, CuCl 2 , PbCl 2 , and CrCl 3 , in order to analyze the effects of monovalent, divalent, and trivalent cations on swell, hydraulic behavior, and strength. All solutions were prepared at 2,000 ppm, which corresponded to a concentration range of 0.01-1 M. This range is comparable to that reported for municipal solid waste landfills and mine waste facilities and was previously used for compatibility testing of geosynthetic clay liners ͑Jo et al. 2001͒. Deionized ͑DI͒ water was used as a reference solution. KCl was mainly chosen as it includes monovalent ions. CuCl 2 was chosen because it is very soluble in water, and the Cu 2+ metal ions are metal ions of environmental concern ͑Jo et al. 2001͒. PbCl 2 was chosen since lead is one of the toxic priority pollutants and can reach the environment as a result of mining processes, metal finishing, and oil industries ͑Patterson 1985͒. Further, it can accumulate along the food chain and is not amenable to biodegradation ͑Bektas et al. 2004͒ . CrCl 3 was also included in the testing program as it in- cludes ions of Cr 3+ that are highly soluble in water. The chromium is often generated by the paint, dye, and glass industries.
Experimental Procedures

Index Property and Microscopy Analysis
The procedure outlined in ASTM D 4318 was followed to measure the liquid and plastic limits of each specimen. Mechanical sieving and hydrometer analyses were conducted following ASTM D 422. Specific surface area measurements were conducted using a Quantachrome Nova 2200 gas sorption analyzer.
The extent of sedimentation was used to define the compatibility of sepiolite and the two mixtures. The tests were conducted in sedimentation columns that are normally used for hydrometer analysis, following the suggestions of Lee et al. ͑2005͒. Sedimentation tests were conducted using DI water, salt solutions of KCl, CuCl 2 , PbCl 2 , and CrCl 3 prepared at a concentration of 2,000 ppm, and 50 g of soil sieved through a 75 m sieve ͑United States No. 200 sieve size͒. A dispersing agent was not added. The soil was mixed in a mechanical mixer for 1 min with DI water or the salt solution. The prepared suspensions were placed into a sedimentation cylinder to the 1,000 mL mark and allowed to stand for at least 16 h before the start of a sedimentation test to ensure more extensive exposure of the clay mineral to the liquid. After the standing period, the suspension was shaken for 1 min as per ASTM D 422. Because of the high swelling potential of the clay minerals, the sedimentation volume was directly measured instead of using a hydrometer bulb, following the suggestions of Bowders et al. ͑1986͒. The upper bound on the sedimentation volume was limited to the volume of the sedimentation cylinder ͑i.e., 1,000 mL͒. A sedimentation duration of 150 min was considered feasible from a practical viewpoint.
Microscopic analysis was conducted to define the chemical composition of the soils tested. Undisturbed specimens of sepiolite and Eskisehir clay were prepared for scanning electron microscopy ͑SEM͒ analysis by the critical point drying technique, as outlined by Bennett et al. ͑1977͒ . The specimens were initially treated with acetone and a critical point drying apparatus was utilized to replace the acetone with CO 2 . The specimens were held on an aluminum sample holder with adhesive tape. Later, they were coated with gold to minimize any charge buildup. Microstructure and chemical composition of the samples were examined under a LEO 440 model SEM using the energy dispersive X-ray ͑EDX͒ technique. Table 2 provides the chemical composition of the two soils defined by the EDX measurements. Fig. 1 provides the SEM image of Eskisehir clay and the SEM image of the sepiolite used in this study taken by the Macaulay Institute in the United Kingdom. The fibrous nature of the sepiolite is clearly visible in the image. This property is believed to be mainly responsible for the relatively higher specific surface area of sepiolite as compared to Eskisehir clay ͑95 m 2 / g versus 15 m 2 / g͒.
Geomechanical Tests
Three different compactive efforts were utilized to describe water content-density relationships for the soils tested: standard Proctor ͑ASTM D 698͒, modified Proctor ͑ASTM D 1557͒, and reduced Proctor ͑Daniel and Benson 1990͒. The latter one refers to a method in which a standard Proctor hammer is used, but the number of blows per layer is decreased from 25 to 15. For strength and shrinkage measurements, two sets of specimens 101.6 mm in diameter and 116.4 mm in height were compacted at optimum moisture content ͑OMC͒ utilizing the three different compactive efforts. After compaction, the specimens were extruded with a hydraulic jack, sealed in plastic wrap, and kept at 100% relative humidity and a controlled temperature ͑21Ϯ 2°C͒ for 7 days before testing. The first set of specimens were subjected to unconfined compression testing by following the procedures outlined in ASTM D 1633. A strain rate of 1%/min was utilized during the tests. The second set of specimens was placed on a laboratory bench and air dried until there was no change in the mass of the specimens. At least three measurements of the diameter and height were taken daily using a vernier caliper to determine the volumetric shrinkage. The sides of the specimens were exposed to the atmosphere and did not simulate the field conditions; however, it is believed that the relative effects of soil type on shrinkage was preserved ͑Albrecht and Benson 2001͒. Additionally, one set of specimens was compacted using standard Proctor energy and subjected to one-dimensional consolidation tests following the procedures listed in ASTM D 2435. The effective stresses during the consolidation tests were varied from 24 to 784 kPa to simulate typical landfill conditions, and a duration of 24 h was allowed between successive load changes. The applied stresses beyond preconsolidation pressure of the specimens ranged from 196 to 784 kPa and corresponded to a waste height of 26-106 m in a landfill assuming an average unit weight of 7.35 kN/ m 3 for moderately to well-compacted solid waste ͑Warith et al. 2004͒.
One-dimensional swell tests were conducted following the methods in ASTM D 4546. The sepiolite, Eskisehir clay, and their mixtures compacted with standard Proctor effort were trimmed using a ring 700 mm in diameter and 20 mm in height, and was placed in a standard ͑oedometer͒ cell. Saturation of the cell with the permeating liquid was maintained at all times, and the specimen had free access to the liquids through the porous stones. A seating pressure of 7 kPa was maintained on the specimens using dead weights that were placed on the loading plate. The swell was recorded via a dial gauge. Tests were set up using DI water, and salt solutions of KCl, CuCl 2 , PbCl 2 , and CrCl 3 prepared at a concentration of 2,000 ppm. No swell tests were conducted on Eskisehir clay with KCl. The swell tests were performed at 20°C and continued for up to 142 h; however, the temporal variations of swell indicated that the specimens reached equilibrium at about 12 h, after which there was no change in swell ͑Fig. 2͒. Therefore, a 24 h swell time was used for all tests.
Hydraulic Conductivity and Batch Adsorption Tests
The procedure described in ASTM D 5084 was followed for the hydraulic conductivity tests conducted on the sepiolite, Eskisehir clay, and their mixtures. Specimens of 101.6 mm in diameter and 116.4 mm in height were compacted at their OMC in three layers using the standard Proctor effort. Following the compaction, the specimens were extruded with a hydraulic jack, sealed in plastic wrap, and cured for 7 days at 100% relative humidity and at 21Ϯ 2°C before testing. The influent was either DI water or the Lee et al. 2004͒. In the current study, batch adsorption tests were conducted on the sepiolite, Eskisehir clay, and their mixtures by following the standard procedures outlined in ASTM D 4646. It was critical to determine the solid-to-solution ratio for the materials tested, i.e., the ratio of the weight of the solid to the volume of the metal solution. ASTM D 4646 recommends a solid-to-solution ratio that would result in 20-80% sorption of the contaminant. Accordingly, the tests were conducted at solid-to-solution ratios in a range of 1/1,000-1/80.
Triplicate samples of 0.25, 0.5, 1, 2, and 3 gram soil specimens were placed in centrifuge tubes, and the 250 mL metal solutions were mixed with the soil for 3 h using a magnetic stirrer. The centrifuge tubes with caps were rotated for 24 h using the endover-end rotator at 150 rpm, even though a 3 -4 h period was generally sufficient for equilibrium. The supernatant was filtered to remove any solid phase particles remaining in suspension. The concentrations of metals in the solution were analyzed using Perkin Elmer atomic absorption spectrometer 3110.
Climatic Tests
To observe the effect of winter conditions on geotechnical engineering parameters, the mixtures were subjected to strength and hydraulic conductivity tests after a series of freeze-thaw cycles. Specimens of 101.6 mm in diameter and 116.4 mm in height prepared with 25 and 50% sepiolite were compacted at their corresponding optimum moisture contents using the standard Proctor energy. After 7 days of curing, the specimens were frozen at −23Ϯ 1°C for 24 h and then thawed in a humidity chamber at 21Ϯ 1°C for 23 h per ASTM D 560. Specimens were frozen and thawed at zero overburden stress. The hydraulic conductivity and unconfined compressive strength were measured at the end of one, three, and five freeze-thaw cycles. Cycles greater than five were not of interest as previous research indicated that the hydraulic conductivity and strength do not change significantly for clayey soils after five freeze-thaw cycles ͑Kraus et al. 1997; Arora and Aydilek 2005͒. Table 3 summarizes the OMC and maximum dry unit weights ͑␥ dm ͒ of the mixtures based on compaction tests. The influence of compaction ͑molding͒ water content on volumetric shrinkage ϭmaximum dry unit weight; Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate the specimens with 25 and 50% Sepiolite, respectively. C c , C c , C r , and C c ϭcompression index, compression ratio, recompression index, and recompression ratio, respectively. strain is shown in Fig. 3 . Volumetric shrinkage strains ͑the volumetric change due to drying͒ increased with increasing molding water content regardless of the compactive effort used. Fig. 3 shows that the specimens compacted wet of optimum shrunk more, therefore experienced larger volume changes during drying as compared to the specimens compacted dry of optimum. This is due to the fact that the samples at wet of optimum contain the most water. These findings are consistent with Daniel and Wu ͑1993͒. Fig. 4 indicates that the addition of clay that is rich in kaolinite lowered the shrinkage strains mainly due to a decrease in the double layer thickness, which further caused a decrease in plasticity indices of the mixtures. This trend is visible at 2% wet of optimum molding water content, a compaction water content generally used in construction of liners. At this water content, the volumetric shrinkage strains are 26, 19, and 13% for sepiolite specimens compacted using reduced, standard, and modified Proctor efforts, respectively. The strains for Eskisehir clay are 15, 9, and 5%, respectively. An increase in plasticity index ͑PI͒ is known to increase the volumetric shrinkage of soils as the soils with higher PI have a greater affinity to water. The greater affinity for water is reflected in an increase in the optimum water content and a decrease in the maximum dry unit weight as the PI increases ͑Blotz et al. 1998͒. This is also evident in Table 3 . Relatively small decreases in volumetric shrinkage in this study are attributed to the small differences in plasticity indices of the mixtures evaluated ͑Table 1͒.
Results and Analyses
Effect of Compaction Conditions on Geomechanical and Hydraulic Properties
The effects of the compactive effort on hydraulic conductivity and unconfined compressive strength of sepiolite, clay, and their mixtures are presented in Figs. 5 and 6, respectively. As expected, an increase in compactive effort generally decreased the hydraulic conductivities and increased the unconfined compressive strengths ͑q u ͒. This is mainly due to higher maximum dry unit weights ͑thus lower void ratios͒ of the specimens that result from the increased compaction energy. An increase in effort from standard to modified Proctor generally had a greater effect than increasing the effort from reduced to standard Proctor. Fig. 5 also shows that the hydraulic conductivity tended to decrease with increasing molding water content as the addition of water breaks down clods of clay and facilitates remolding. These findings are similar to the observations made in previous studies ͑Lambe 1958; Daniel and Benson 1990; Osinubi and Nwaiwu 2006͒. Fig. 6 suggests that the molding water content at compaction can significantly affect the q u of the mixture design. Limited data suggest that the strength of the specimens compacted with the same effort tend to increase with increasing molding water content on the dry side of optimum and decrease on the wet side of optimum. Similar conclusions were made by previous researchers that the dry-of-optimum moisture conditions ͑as compared to wetof-optimum͒ generally increases the strength of compacted clays ͑Lambe 1958; Osinubi and Nwaiwu 2006͒. The strains at peak stresses ranged from 2.1 to 7.6% and generally increased with increasing molding water content ͑not shown herein͒. The addition of sepiolite to Eskisehir clay did not significantly affect the recorded strain values.
Effect of Valence of Salt Solution on Engineering Properties
Free swell tests were conducted on sepiolite, Eskisehir clay, and their two mixtures using DI water and four salt solutions. The results are shown in Fig. 7 . The measured swell amount in DI water was 3 mm for sepiolite, while it was about 0.25 mm for Eskisehir clay. Relatively large specific surface area and high cation exchange capacity of sepiolite contribute to the observed high swelling potential as compared to kaolinite-rich Eskisehir clay. As expected, relatively larger swell volumes are observed with DI water. Shackelford et al. ͑2000͒ indicated that swell volume in DI water is usually large because less mobile water is available for flow and a larger fraction of the total water is bound due to lack of cations in bulk water. Similar observations were made for sodium bentonites that are hydrated and/or permeated with DI water ͑Lutz and Kemper 1958; Petrov et al. 1997; Ruhl and Daniel 1997͒ . At the tested concentrations, the greatest swell generally occurred in the KCl solution, and the lowest swell was observed in the CrCl 3 solution. The effect of the salt solution was more pronounced on sepiolite than Eskisehir clay as well as its mixtures with sepiolite.
The data in Table 4 indicate that swell was insensitive to the hydrated ion sizes of the divalent and trivalent cations ͑the ones with ion sizes greater than 0.3 nm͒ because these cations only contribute to hydration swelling, but not osmotic swelling ͑Nor-rish and Quirk 1954; Jo et al. 2001͒ . Swell is plotted against electronegativity ͑͒ in Fig. 7 . Electronegativity is a chemical property which describes the power of an atom to attract electrons . Hydraulic conductivity versus compactive effort for: ͑a͒ sepiolite; ͑b͒ 25K75S; ͑c͒ 50K50S; and ͑d͒ Eskisehir clay. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ towards itself, and must be calculated from other atomic or molecular properties ͑Pauling 1932 ͑Pauling , 1960 Mulliken 1934; Allred and Rochow 1958; Sanderson 1983; Allen 1989͒ . Among various techniques developed to calculate electronegativity, the revised Pauling scale defined by Pauling ͑1960͒ is the most commonly used one and is also utilized herein. The data in Fig. 7 suggest that the measured swell amount in DI water was higher since a larger fraction of the total water is bound due to the lack of cations in bulk water. During the presence of cations, the attraction forces ͑therefore the electronegativity values͒ increase, yielding to lower swell volumes. The data in Table 4 indicate that swell was insensitive to the electronegativity of the cation.
Attempts were made to relate the measured sedimentation volumes to the valence of cation, as well as to measured swell amount. The data in Fig. 8 suggest that sedimentation cannot be related to the valence of the metal. Swell decreases initially with increasing sedimentation volumes for sepiolite but no further change can be observed as the volume increased. For the mixtures of sepiolite and Eskisehir clay, the swell amount did not correlate with sedimentation volumes. Furthermore, no trends existed when the sedimentation volume data were plotted against hydraulic conductivity. Lee et al. ͑2005͒ showed that simple sedimentation tests, similar to the ones conducted in the current study, can be used for surrogate compatibility testing of bentonite. However, the limited data presented herein indicated that simple sedimentation tests cannot be directly used to define the swell or hydraulic conductivity behavior of sepiolite and its mixtures.
The specimens were subjected to hydraulic conductivity testing following permeation with DI water or salt solutions. The hydraulic conductivity of the specimens compacted at 2% wet of optimum using the standard Proctor effort and tested with DI water ranging from 2.4ϫ 10 −8 to 1.1ϫ 10 −7 cm/ s, as shown in Fig. 9 . Herein, the hydraulic conductivities at 2% wet of optimum are reported, as it is a common practice to compact liners at 1-2% wet of optimum in the field. The sepiolite had a hydraulic conductivity slightly higher than 10 −7 cm/ s when tested with DI water ͑K sepiolite = 1.1ϫ 10 −7 cm/ s͒. This is attributed to the relatively higher initial void ratio of sepiolite as compared to Eskisehir clay ͑1.275 versus 0.65͒. The addition of natural soil ͑Eskisehir clay͒ generally decreased the hydraulic conductivity, suggesting that sepiolite should be mixed with plastic natural clay in the field to ensure low hydraulic conductivities. The hydraulic conductivities of the specimens are given as a function of valence of the cation in Fig. 9 . Hydraulic conductivity initially increased when the valence was changed from 0 to 1+ for sepiolite and its mixtures. Hydraulic conductivity tests on Eskisehir clay with KCl were inconclusive; however, the trends were clear and hydraulic conductivity initially increased with increasing valence. The change in hydraulic conductivity of any specimen caused by increasing the valence from 2+ to 3+ was usually less than twofold. This behavior is analogous to the effect that valence had on free swell ͑Fig. 7͒. As with the swell tests, increasing the valence from 0 to 1+ had a greater effect than increasing the valence from 2+ to 3+. Again similar to the swell tests, hydrated ion size and electronegativity did not have a significant effect on the hydraulic conductivity values. In the case of electronegativity, the hydraulic conductivity of the soils tested with monovalent cation ͑K + ͒ was 1.3-2.6 times higher than the ones tested with DI water and increasing the electronegativity further did not increase the hydraulic conductivity. The reason for the slight decrease in some of the hydraulic conductivity values beyond an electronegativity of greater than 1.5 is unknown. However, it should be noted that the current electronegativity values are based on the revised Pauling scale and values based on other scales may change the trends ͑e.g., the electronegativity of Pb 2+ is 1.8, 2.33, 2.05, and 1.55 according to the Pauling, revised Pauling, Sanderson, and Allred-Rochow scales, respectively͒.
Durability of Test Specimens
In several laboratory and field studies, freezing and thawing have been shown to have a detrimental effect on hydraulic conductivity and strength of compacted clays. Subjecting the specimens to strength tests after freeze-thaw ͑F-T͒ cycles and recording the change in hydraulic conductivity and q u have been reported as indicators of durability ͑Zaman and Naji 2003; Arora and Aydilek 2005͒. Fig. 10 summarizes the changes in hydraulic conductivity and unconfined compressive strength as a result of freeze-thaw. The unconfined compressive strength ratio ͑q ur = q un / q ui ͒ and hydraulic conductivity ratio ͑K r = K n / K i ͒ in the figures are ratios of the hydraulic conductivity and unconfined compressive strength after n freeze-thaw cycles ͑K n or q un ͒ to the initial hydraulic conductivity and strength ͑K i or q ui ͒. Fig. 10 shows that the hydraulic resistance of sepiolite to winter conditions is generally better than that of the two mixtures. For instance, K r stays in a range of 0.8-1.9 for sepiolite, whereas the same ratio ranges from 1.2 to 12 for the mixtures. Cracks induced by desiccation incurred as water migrated to the freezing front. The formation of ice lenses is the primary cause of the increase in hydraulic conductivity ͑Chamberlain et al. 1995͒. After thawing, these cracks become preferential pathways for flow that results in an increase in hydraulic conductivity ͑Othman and Benson 1993͒. Nevertheless, the increase in hydraulic conductivity was less than three times for most of the tested specimens, except that an increase up to 12 times is observed for 50K50S. Visual observations after the fifth cycle also indicated that the specimens did not include a significant number of macrocracks; however, it is believed that microsize cracks are the main cause for the small increase in hydraulic conductivity. The microsize cracks may also be a reason for the relatively large increase in hydraulic conductivity of 50K50S. Therefore, it was assumed that the volume of pores was capable of accommodating the formation of ice lenses during freezing without causing noticeable damages. On the other hand, it is important to note that the laboratory simulated freeze-thaw conditions are harsher than the ones usually encountered in winter conditions, and sepiolite and its mixtures with Eskisehir clay are likely to exhibit better performance in the field. Fig. 10 indicates that all specimens lost their strength when subjected to freeze-thaw cycles; however, the rate of decrease is the greatest under the first cycle. The specimens lost 7-36% of their initial strength after the first cycle, whereas the decrease in q u was 5-14% between the third and fifth cycles. Cokca and Yilmaz ͑2004͒ observed a similar trend during testing of fly ashbentonite mixtures for their potential utilization in liner construction. The effect of freeze-thaw on strength can be explained in terms of the clay morphology and presence of microcracks. A greater decrease was observed in the strengths of the mixtures of sepiolite and Eskisehir clay ͑25K75S and 50K50S͒ which may have been due to the presence of a higher number of microcracks in their structure.
Consolidation Properties
In modern landfills, waste heights of over 100 m are becoming more common considering the expansion projects to decrease construction costs. Under such loads, the compression properties of the compacted clay become important. In order to analyze the consolidation phenomena of sepiolite and its mixtures with Eskisehir clay, one-dimensional compression tests were performed. The consolidation test results presented in Fig. 11 indicate that the Fig. 7 . Effect of metal: ͑a͒ valence; ͑b͒ electronegativity on swell. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ void ratio decreases with increasing effective stress and the shape of the curve is similar to the one generally observed during testing of other natural clays. The compression and recompression indices ͑C c and C r , respectively͒ calculated from the void ratio-log effective stress curves are summarized in Table 3 . The compression indices determined in the current study fall in a range of values reported for normally consolidated natural clays ͑Holtz and Kovacs 1981͒. Nath and DeDalal ͑2004͒ conducted tests on soils rich in kaolinite and reported a compression index of 0.3 at clay contents of 76%. This index is comparable to a C c of 0.21 determined for Eskisehir clay. The tests conducted on bentoniterich soils by Nath and DeDalal ͑2004͒ yielded higher compression indices ͑C c = 2.0 at 76% clay content͒ due to the relatively higher compressible nature of bentonite as compared to kaolinite.
The data summarized in Table 3 also suggest that the addition of sepiolite increases the compressibility characteristics of the mixture; however, the variation in recompression index is small indicating that the compressibility of clay liner will not be affected from the clay type in the case of heavily loaded landfills.
Adsorption Properties
Batch adsorption tests were conducted on the two clays and their mixtures to identify their metal sorption characteristics. The concentration of adsorbate ͑i.e., metal solution͒ sorbed on the solid phase per dry unit weight of solid was calculated, and the best fit to the test data was obtained by the Langmuir isotherm. The isotherm can be expressed in the following linear form ͑Fetter 1999͒:
where C e ϭconcentration of solute in solution in equilibrium with the mass of solute sorbed onto the solid phase ͑mg/L͒; Q e ϭmass of solute sorbed per dry unit weight of solid ͑mg/kg͒; Q m ϭmaximum amount of solute that can be absorbed by the solid ͑mg/kg͒; and ␣ϭLangmuir constant related to binding energy ͑L/ mg͒. As seen in Fig. 12 , the Langmuir isotherm fits the sorption test data well. The representativeness of the isotherms was further analyzed by calculating a dimensionless separation factor ͑RL͒ defined by Alkan et al. ͑2004͒
The value of RL indicates whether the isotherm is favorable ͑0
An isotherm is called favorable if its adsorption capacity grows rapidly with concentration in equilibrium in the liquid phase, i.e., in a convex form. The maximum for a highly favorable isotherm is irreversible adsorption, where the amount adsorbed does not depend on the decrease in concentration. On the other hand, unfavorable isotherms have low adsorption capacities at low concentrations in equilibrium and typically have concave forms. The values listed in Table 5 suggest that the selected isotherm, therefore the adsorption process, is favorable for the soils and solutes tested in this study. A parameter often used in designing barrier systems is retardation factor. The retardation factor ͑RF͒ for Langmuir sorption isotherm is ͑Fetter 1999͒ where d ϭbulk density of the solid ͑kg/L͒; and n e ϭeffective porosity. It should be noted that retardation factors are typically calculated for column specimens as effective porosity can be directly calculated via tracer tests. The RFs for the batch sorption tests were calculated in the current study for comparison purposes only. Table 5 summarizes the RF values calculated for the soils and solutes tested. The results show that 88-1,300 times retardation can be obtained by using the tested barrier materials. The limited amount of data also suggest that the RF values for sepiolite are 1.2-2.2 times higher than those calculated for Eskisehir clay, and the capacity of this clay for successful immobilization of the inorganic contaminants can be improved by the addition of sepiolite.
Practical Limitations
One practical difficulty in regard to the beneficial reuse of sepiolite is mixing it with another clay in the field given the fact that sepiolite is a CH soil. Even though it is generally recognized that the success in mixing in the field is less as compared to the one under laboratory conditions ͑Bin Shafique et al. 2004͒, both soils will be mixed at ϳ2% wet of optimum during field liner construction and the presence of water beyond OMC is expected to provide some advantage. One approach could be to follow the procedure recommended by Edil et al. ͑1992͒ for field stabilization of a poor subgrade soil ͑CL-CH soil͒ with fly ash. In their study, fly ash was spread uniformly on the soil using truckmounted lay-down equipment and mixed thoroughly with a reclaimer to a depth of 0.3 m. Then, the mix was compacted using Fig. 8 . Sedimentation volume and it relationship to: ͑a͒ metal valence; ͑b͒ swell; and ͑c͒ hydraulic conductivity. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ Fig. 9 . Effect of metal: ͑a͒ valence; ͑b͒ electronegativity on hydraulic conductivity. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ three different compactors ͑steel drum, tamping foot, rubber tire͒ in sequence to a target density. A similar approach can be applied to sepiolite-soil mixtures by perhaps replacing one of the compactors with a sheepsfoot roller compactor. The sepiolite can be transported to the site where low plasticity clay naturally exists. The data obtained in the current study indicate that the swell capacity and hydraulic conductivity of sepiolite is sensitive to water content; however, this sensitivity is not very different than the one experienced by the low plasticity clay. Fig. 10 . Effect of freeze-thaw cycles on: ͑a͒ hydraulic conductivity; ͑b͒ unconfined compressive strength. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ Fig. 11 . Void ratio-effective stress relationships for soils tested. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ Fig. 12 . Adsorption isotherms for soils tested with three metal solutions. ͑Note: Sϭsepiolite; KϭEskisehir clay; 25K75S and 50K50S designate specimens with 25 and 50% sepiolite, respectively.͒ Sepiolite is abundant in Spain, Turkey, and western parts of the Unites States ͑mainly in Utah, Nevada, and Arizona͒. The estimated sepiolite reserves in the world are about 400,000 tons as compared to 1 billion and 300 million t for kaolinite and bentonite, respectively ͑Murray 2002͒. Even though the material is rarely found, its high specific surface area, high cation exchange capacity, and relatively low hydraulic conductivity make it a good candidate barrier material. The current study is one step towards helping the beneficial reuse of sepiolite in the landfill industry. The data are applicable to one type of sepiolite but physical and chemical properties of this particular sepiolite are similar to the sepiolite existing in many locations, therefore, the reported trends may be considered for future studies. On the other hand, the effects of organic contaminants on geoenvironmental properties of sepiolite were not analyzed herein, and such tests should be conducted if these contaminants are likely to interact with the liner material.
Conclusions
A study was conducted to investigate the feasibility of natural sepiolite as an alternative liner material in municipal solid waste landfills. Laboratory tests were performed to study the geomechanical and hydraulic properties, and inorganic adsorption capacity of sepiolite and its two mixtures with a low plasticity clay rich in kaolinite ͑Eskisehir clay͒. The effect of winter conditions on strength and hydraulic conductivity was also investigated.
The laboratory test results indicated that sepiolite exhibited a hydraulic conductivity slightly higher than 10 −7 cm/ s and shrunk due to drying when compacted at 2% wet of optimum using the standard Proctor effort. Conversely, sepiolite exhibited better swell characteristics than the low plasticity clay and the two mixtures when tested with DI water. For all specimens, the strength ratio decreased and the hydraulic conductivity ratio increased with an increasing number of freeze-thaw cycles. The hydraulic resistance of sepiolite to winter conditions is generally better than that of the two mixtures; however, sepiolite experienced about 40% decrease in its initial strength after five cycles of freeze and thaw. Furthermore, the compressibility of sepiolite is slightly higher than that of the other materials tested. These findings suggest that sepiolite should be mixed with a low hydraulic conductivity plastic clay before being used as a hydraulic barrier material.
The valence of the salt solution affected the swell and hydraulic conductivity characteristics of the clays tested. Increasing the valence from 0 to 1+ had a more pronounced effect on swell and hydraulic conductivity than increasing the valence from 2+ to 3 +. The retardation factors for sepiolite are 1.2-2.2 times higher than those calculated for a low plasticity clay, and the inorganic contaminant adsorption capacity of this clay can be improved by the addition of sepiolite. These results indicated that the sepiolite/ Eskisehir clay mixtures utilized in this study provide good geomechanical, hydraulic, and metal adsorption properties which may justify their potential use as liner materials in solid waste landfills. ; 25K75S and 50K50S designate the specimens with 25 and 50% sepiolite, respectively. R L ϭdimensionless separation factor, RFϭretardation factor. Effective porosity ͑n e ͒ was assumed to be equal to total porosity and calculated as 0.631, 0.459, 0.589, and 0.545 for sepiolite, Eskisehir clay, 25K75S, and 50K50S, respectively.
